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Abstract
As the endpoints of massive star evolution, neutron stars are enigmatic celestial objects characterized
by extremely dense and exotic nuclear matter, magnetospheres with positrons (antimatter), rapid rotation
and ultra-strong magnetic fields. Such an extreme environment has provided an accessible astrophysical
laboratory to study physics under conditions unattainable on Earth and to tackle a range of fundamental
questions related to: the aftermath of stellar evolution and the powerful explosions of massive stars, the
equation of state and physics of some of the most exotic and magnetic stars in the Universe, the workings
of the most powerful particle accelerators in our Galaxy and beyond, and the sources of gravitational waves
that are yet to be detected. Recent observations revealed a great diversity of neutron stars, including ultra-
strongly magnetized pulsars, referred to as “magnetars”, and unusual types of accreting X-ray pulsars. In
this white paper, we highlight the prospects of the upcoming X-ray mission, ASTRO-H, in studying these
highly magnetized neutron stars.
1Also at Remeis Observatory, FAU.
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1 Overview: Strongly Magnetized Neutron Stars
1.1 Introduction
Since their discovery, neutron stars (NSs) have excited a broad range of interests not only in the astrophysical
context, but also in terms of fundamental physics: for example, confirmation of the existence of gravitational
waves (Taylor & Weisberg, 1982), high-density nuclear matter inside NSs (Lattimer & Prakash, 2007), and
high-magnetic field effects around these enigmatic objects (Harding & Lai, 2006). Since NSs are characterized
by extreme conditions, such as dense matter, rapid rotation, and high magnetic field, they have proved to be
ideal laboratories to test fundamental physics, which cannot be achieved by ground-based experiments. Even
45 years into their discovery, space-based observations are becoming more important in understanding the
growing diversity of these enigmatic objects.
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Figure 1: The P-P˙ diagram of pulsars shown with lines of constant dipole magnetic field, B, and spin-down age (τc= P2 P˙ ). The black
dots show the majority of radio-discovered pulsars believed to be rotation-powered, and the red circles show the X-ray or gamma-ray
discovered magnetars addressed in this white paper (see §1.1). Source: ATNF pulsar catalog (Manchester et al., 2005).
Recent multi-wavelength observations from radio to the highest energy gamma-rays have revealed a remark-
able diversity of NSs (Kaspi, 2010). Figure 1 shows the distribution of known pulsars based on their measured
spin (P) and spin-down (P˙) properties. So far over ∼1700 pulsars have been discovered in the radio and most
of them are thought to be powered by their rotational energy (i.e. Rotation Powered Pulsars; RPPs). Their
magnetic field is usually inferred from their spin properties1, in the 1011–1013 Gauss (1 Tesla = 104 Gauss).
In addition some accretion-powered pulsars show X-ray “Cyclotron Resonance Scattering Features” allowing
us to estimate the magnetic field of the neutron star, see §1.2 and §2.2. On the other hand, Soft Gamma-ray
Repeaters (SGRs) and Anomalous X-ray Pulsars (AXPs) have become a rapidly growing new subclass with
much higher magnetic fields, B ∼ 1014 − 1015 Gauss and dubbed as “magnetars”. Unlike for rotation-powered
or accretion-powered pulsars, the bulk of their X-ray emission appears to be powered by their super-strong
magnetic fields. The growing diversity of NSs includes the Rotating Radio Transients (RRATs), X-ray Dim
1The pulsar’s dipole surface magnetic field is estimated as Bs (Gauss) ≈3.2×1019(P/P˙)1/2 where P is in sec.
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Isolated NSs (XDINSs), and Central Compact Object (CCOs). Understanding the connection between these
classes remains one of the most important questions in this field; multi-wavelength observations continue to
provide clues on their nature, emission mechanisms and physical properties. A unified understanding requires
a better understanding of their birth environment, evolutionary path, and interaction with their (binary, if appli-
cable) environment.
In this White Paper, we focus on highly magnetized NSs with magnetic fields B > 1012 Gauss. These include
magnetars (§1.3, §3) as well as accreting pulsars (§1.2, §2). The latter are mostly found in High Mass X-ray
Binaries (HMXBs). NS with relatively weaker fields (B ≤ 1011 Gauss) are usually observed in Low Mass X-
ray Binaries (LMXBs), these sources will be reviewed in another White Paper (WP#3, Done, Tsujimoto et al.).
There are exceptions, though, like the Low and Intermediate Mass X-ray Binary pulsars GX 1+4 (§2.1.2) and
Her X-1 (§2.2). We also include new and not yet fully characterized accreting binary classes like Super-giant
Fast X-ray Transients (SFXTs, §2.3) and Gamma-ray Loud Binaries (§2.4) in the current White Paper. Last but
not least we also consider peculiar sources that are not necessarily known to harbor a pulsar and can therefore
serve as comparison sources (e.g., regarding wind accretion) as well as being unique study objects in their own
right, e.g., Cyg X-3 (§2.1.1) or SS 433.
1.2 Accreting Pulsars
Many XRBPs comprise a young neutron star (NS), endowed with a strong B-field (∼1012 G) and a supergiant
or main sequence, “donor” star. The donor star can lose a conspicuous amount of matter through a strong stellar
wind and/or via the Roche lobe overflow (see, e.g., Frank et al., 2002). A large part of this material is focused
toward the NS as a consequence of the strong gravitational field of this object, and then threaded by its intense
magnetic field at several thousand kilometers from the stellar surface. The region in which the ram pressure of
the plasma equals the magnetic field pressure is known as the Alfven surface and in its vicinity all the exchange
of angular momentum happens. Once funneled down to the magnetic poles of the NS, accretion columns may
form. Here, the gravitational potential energy of the accreting matter is first converted into kinetic energy and
then dissipated in the form of X-rays (see, e.g., Pringle & Rees, 1972; Davidson & Ostriker, 1973).
To a first approximation, the B-field lines of the NS rotate rigidly with the surface of the star, and thus the
X-ray emission emerging from the accretion column is received by the observer modulated at the spin period
of the compact object, if the magnetic and rotational axes are misaligned. Important effects are expected from
the interaction of radiation with the strongly magnetized plasma (see below). These effects can be proved on
observational grounds studying pulse profiles and time resolved spectra.
As a more important progress expected with the ASTRO-H, SXS will probe with high significance the char-
acteristics of the plasma in the stellar wind and its coupling with the Alfven surface. This is an open field of
study, which is receiving further thrust by novel simulations (e.g., Manousakis et al., 2012a) and will receive
an observational breakthrough from the high spectral resolution and high effective area of the SXS, which can
measure precisely, e.g., the ionization parameter (Turter et al., 1969). The strong wind, with the velocity of
more than 108 cm s−1, has a strong impact on the emission line profiles. Doppler shift and broadening, coupled
with self absorption by the wind itself (Owocki & Cohen, 2001), and P-Cygni profile will be observed (Brandt
& Schulz, 2000). The existence of accretion wakes and ionization front of a photo-ionized plasma can be also
studied with a modulation of the line profiles induced by the orbital motion. A subject which looks particularly
interested is the study of the time variation of iron fluorescence line at the spin period timescale, which might
help tracing the ultimate fate of the plasma before being captured by the B-field and unveil the location and
extension of the transition zone between the wind and the NS magnetosphere.
The understanding of the broad-band energy spectrum and its time variations can be used to track the X-
ray emission pattern close to the NS surface and ultimately constrain the fundamental parameters of a neutron
stars, such as its mass, magnetic moment and radius. Among the different radiation processes, the interaction
with the magnetic field is probably the most crucial for the XRBPs, as it gives rise to the cyclotron resonant
scattering features (CRSFs; see, e.g., Isenberg et al., 1998; Araya-Go´chez & Harding, 2000; Scho¨nherr et al.,
2007, for recent models). The CRSFs provide a unique tool to directly estimate the magnetic field strength
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in the X-ray emitting region close to the NS surface, because the centroid energy of the fundamental appears
at Ecyc = 11.6B12 × (1 + z)−1 keV. (Here B12 is the magnetic field strength in units of 1012 G and z is the
gravitational redshift in the line-forming region, Wasserman & Shapiro, 1983). If a cyclotron line is detected
with high significance in the energy range of the SGD (many are known, see Caballero & Wilms 2012 for a
compilation), it can be possible to measure the degree of polarisation, which is induced by the scattering with
electrons trapped in a strong magnetic field. This would be a major breakthrough for our understanding of
the source emission mechanism, as it would be a very strong constraint on the geometry of the X-ray emitting
region, which is currently unknown.
1.3 Magnetars
We expect NSs to acquire their strong magnetic fields up to ∼1012 Gauss or more when their massive progeni-
tors collapse, but the origin of strong magnetism in NSs is one of the biggest unsolved problems in astrophysics.
Some of the major challenges for understanding their fundamental properties lie in the difficulties associated
with probing observationally their internal structure, the state of nuclear matter, and their magnetic field con-
figuration. Similarly, we know little about how their magnetic fields evolve and whether they decay with time.
To tackle these questions, Soft Gamma-ray Repeaters (SGRs) and Anomalous X-ray Pulsars (AXPs), collec-
tively called “magnetars” (Duncan & Thompson, 1992; Thompson & Duncan, 1995), have in the past decade
provided an ideal laboratory, particularly in the light of recent multi-wavelength observations and monitoring
programs.
Magnetars are a fascinating subclass of NSs (Woods & Thompson, 2006; Mereghetti, 2008) characterized by
(i) spin periods in a narrow range of P∼2–12 s; (ii) high spin-down rate, P˙, indicative of a young characteristic
age τc ≡ P/2P˙ .100 kyr; (iii) dominant emission in X-rays, with luminosity LX ∼ 1034−36 erg s−1 which
largely exceeds their spin-down luminosity, E˙sd = −2pi I P˙P3 (where I is the pulsar’s moment of inertia); (iv)
sporadic X-ray activities on time-scales of msec to years; and (v) no evidence for accretion indicating isolated
compact objects, unlike the HMXBs. The surface dipole magnetic field of magnetars estimated from P and P˙
(see footnote in the Introduction and Figure 1) turns out to extremely high, Bs > BQED, the so-called quantum
electrodynamic critical field of 4.4 × 1013 G at which the Landau level separation exceeds the rest mass energy
of an electron, mec2 = 511 keV. We note however the recent discovery of lower magnetic field magnetars,
discussed later.
Despite the wealth of observational studies dedicated for the study of magnetars, their true nature and their
evolutionary link to the other classes of NSs is still not clear. Moreover, the magnetar hypothesis itself remains
an open issue. While the magnetar model (Duncan & Thompson, 1992; Thompson & Duncan, 1995) remains
the most popular theory for explaining the overall properties of SGRs and AXPs, other models have been
proposed and are not yet completely ruled out. These include the fallback disk model (Alpar et al., 2001;
Ertan et al., 2009), quark stars model (Ouyed et al., 2006), and white dwarfs model (Malheiro et al., 2012).
Therefore, a truly fundamental question related to their intrinsic magnetic fields and the powering mechanism
for their observed emission remains to be answered.
One straightforward way of confirming their “magnetar” nature is through a direct measurement of their mag-
netic fields. This can be performed by detecting cyclotron resonance lines as already established in accreting-
powered pulsars using the “electron” cyclotron resonance appearing at Eec = 11.6 × (B/1012 G) keV; see e.g.
(Truemper et al., 1978). Correspondingly, the “proton” cyclotron resonance is expected to appear at an energy
Epc = 0.63 × (B/1014 G) keV. (1)
Although signatures of the proton cyclotron resonance have been reported from only a few magnetars (Ibrahim
et al., 2002, 2003; Rea et al., 2003; Gavriil et al., 2008a), none of them are considered to be convincing due to
the limited energy bands, their transient nature, or insufficient statistics. We are thus urged to search for a much
firmer evidence of proton cyclotron resonances using the SXS of ASTRO-H. The detailed discussion will be
performed in §3.3.
If this subclass indeed exhibits such extreme fields, how do these stars sustain their strong magnetism, and
how are the magnetars linked to the canonical NSs with typical Bs ∼ 1012 G? Since we do not know whether
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they are intrinsically different from other ordinary pulsars, an effective approach is to search for transition
objects between magnetars and canonical pulsars. Such an object has in fact been discovered and caught in
the act of transitioning from a rotation-powered pulsar to a magnetar: the high-magnetic field pulsar J1846–
0258 in the supernova remnant Kes 75 (Kumar & Safi-Harb, 2008; Gavriil et al., 2008c). Furthermore, more
recently, the Swift satellite is allowing the detection of sporadic X-ray outbursts, thus increasing the number
of magnetars by a few new sources per year. These recent on-going discoveries of the magnetar class implies
that this population would be much larger in our Galaxy than we expected before, requiring us to revise our
understanding of the formation and evolution both of magnetars and NSs.
Figure 2: (left) Broadband νFν spectra of 4 magnetars observed with Suzaku (modified from (Enoto et al., 2010)). To clearly illustrate
the difference, each spectrum is normalized at 2 keV. Individual sources are shown in different colors with their magnetic field. (right)
Correlation of the broadband HR (=HXC/SXC) to the surface magnetic field.
The discovery of transient magnetars (Ibrahim et al., 2004) and, more recently, the discovery of a low-field
(i.e. B < BQED) “magnetar” SGR 0418+5729 (Rea et al., 2010) (and a few others, see later) suggest that there
is a larger population of magnetar-like objects or “fossil magnetars” in our Galaxy and that the spin-down
dipole magnetic field is not the only factor determining the magnetar properties. These “fossil” magnetars will
be interesting potential targets for ASTRO-H. As suggested by such weaker field magnetar activities, the NSs
are suggested to store a huge hidden poloidal field component as energy reservoir in addition to the canonical
toroidal field component. This is an interesting topic to be related with the supernova explosion mechanism
and the formation of magnetars or even the more canonical NSs. In order to observationally address the su-
pernova explosion mechanism, the birth environment and progenitors of magnetars, one promising approach is
through X-ray spectroscopy of supernova remnants (SNRs) associated with magnetars. Recent Chandra and
XMM-Newton observations (e.g. Kumar et al. 2012) suggested a high-mass progenitor (&30 M) for an SNR
associated with a high-B pulsar; a result that is also supported by multi-wavelength studies of a few magnetars
(see e.g. Gaensler et al. 2005; Morton et al. 2007). Related Suzaku studies have been also performed for the
SNRs Kes 73 and CTB 109 hosting AXP (§3.1).
So far ∼20 SGRs and AXPs have been discovered in our Galaxy and the Magellanic Clouds. For a long time,
they were thought to emit X-rays only below ∼10 keV. This bright soft X-ray component (hereafter SXC) is
represented by a quasi-thermal spectrum with kT ∼ 0.5 keV hotter than other isolated NSs. A new breakthrough
came with INTEGRAL’s discovery of an unexpected hard X-ray component (HXC) above ∼10 keV (Kuiper
et al., 2006). This HXC was confirmed by follow-up Suzaku observations, covering the SXC and HXC si-
multaneously thanks to combining the X-ray Imaging Spectrometer (XIS) and the Hard X-ray Detector (HXD)
(Enoto et al., 2011). Figure 2 shows νFν spectra of four magnetars. The HXC has an extremely hard photon
index, Γh ∼ 1, almost the hardest among known X-ray sources, and extends up to ∼100 keV. Although theo-
retical accounts have not yet been reached (e.g., Thompson & Beloborodov 2005; Baring & Harding 2007), its
near-absence in other types of X-ray sources suggests its connection to the strong magnetic fields of magnetars.
It is hence imperative to examine their broad-band spectral properties including both the SXC and the HXC
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to understand this enigmatic object. Suzaku has performed broad-band (0.8–70 keV) observations of ∼9 mag-
netar sources, providing some evidence that two components in the magnetars spectra (i.e. the SXC and HXC
described above) systematically change depending on their magnetic field and characteristic age (Enoto et al.,
2010). In particular, the HXC becomes weaker relative to the SXC, but harder for older objects. Although SGRs
and AXPs first came into astrophysics as unrelated objects, where the former class was discovered through the
burst activity while the latter class was recognized as unusually bright X-ray pulsars, the present correlation
implies a unification of SGRs and AXPs into one evolutionarly path.
Recent exciting discoveries of X-ray outbursts from magnetars also provide us rare opportunities to search for
the HXC during active states. Following the Swift discoveries of magnetar outbursts, Suzaku and INTEGRAL
follow-up observations successfully detected the enhanced HXC and their gradual decays coinciding with the
decay of the SXC: e.g., SGR 0501+4516 (Rea et al., 2009; Enoto et al., 2010c) and 1E 1547.0-5408 (Enoto
et al., 2010c; Kuiper et al., 2012; Iwahashi et al., 2013). Although the number of the HXC-confirmed magnetars
is gradually increasing, we still don’t know whether all magnetars actually exhibit the HXC in all the states;
e.g., the HXC has not yet been confirmed from some persistent emitting sources, such as 1E 2259+586 and
1E 1048.1–5937. In the ASTRO-H era, our next step is to investigate the broadband spectra of transient
magnetars in their outbursts. In particular, to bring our discoveries during the quiescent states into the next
stage, our main strategy will be to perform prompt observations of the HXC just after the onset of the outburst.
These questions on a unified understanding of the magnetar evolution will be discussed in detail in §3.2.
Another distinctive feature is sporadic burst activities, short bursts, intermediate flares, and giant flares, usu-
ally coinciding with X-ray outbursts. The spectra of SGR bursts detected with HETE-2 and Suzaku were
described well by two blackbody components (Olive et al., 2004; Nakagawa et al., 2007). The blackbody tem-
perature can much exceed the normal Eddington limit, probably due to suppression of the Thomson scattering.
Thus, the strong magnetic field significantly affects the familiar blackbody radiation. Also, the blackbody radius
sometime increases up to 30 km during bursts, suggesting the photosphere to expand to fill the magnetosphere.
At the moment, we don’t know why two blackbody components appear. Do they represent the two photo po-
larizations (O- and X-modes)2 which acquire different “photospheres” when B > Bc? More fundamentally,
is the two-blackbody fit physically meaningful or mimicking a more complex process, e.g., resonant electron
cyclotron scattering? In fact, the persistent emission from some magnetars prefer blackbody + power-law
modeling to the two-blackbody fit, requiring investigation (§3.5).
2 Probes into Accreting Pulsars and their Environment
2.1 X-raying the Environment
2.1.1 Mapping the Stellar Wind
Many accreting pulsars are part of a High Mass X-ray Binary (HMXB). HMXBs posses a strong stellar wind
that can be photoionised by the X-ray emission from the compact object. Hundreds of X-ray emission and
absorption lines have been observed with the Chandra and XMM-Newton gratings for bright wind NS and
black hole accreters like Vela X-1, Cen X-3, Cyg X-3, Cyg X-1, 4U 1700−37, or GX 301−2 (Sako et al., 2002;
Schulz et al., 2002; Hanke et al., 2009a; Fu¨rst et al., 2011).
From modelling those lines as well from studying the sometimes extreme flux variability – as, e.g., shown
by the supergiant fast X-ray transients (§2.3) or sources like Vela X-1 (Kreykenbohm et al., 2008; Fu¨rst et al.,
2010) – it is known that these winds are often structured. They can show focused material streams towards
the compact object (Hanke et al., 2009b), can have material trailing the compact object in an accretion wake
(Nagase et al., 1992; Manousakis et al., 2012b), and can exhibit instabilities leading to clumping (Feldmeier
et al., 2008; Hanke et al., 2009b). In addition several HMXBs are eclipsing sources (e.g., Vela X-1, Cen X-3,
4U 1700−37). Observing the ingress or egress can in principle allow for a detailed look at the atmosphere of the
2Two photon polarizations of which the electric vector is parallel and perpendicular to the magnetic field.
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Figure 3: SXS simulations of three 10 ks observations of the accreting pulsar and HMXB Vela X-1 at different orbital phases, based
on longer Chandra observations (Watanabe et al., 2006). The spectra have been rebinned for clarity, excesses at low energies indicate
additional lines. Courtesy M. Ku¨hnel (FAU) and N. Hell (FAU & LLNL).
companion star, e.g., its density and ionisation structure resulting from the interaction with the compact object
(Wojdowski et al., 2003; Naik et al., 2011).
Modelling lines and absorption edges from photoionised plasmas, ideally fitting series from the same ion
together, has already provided important constraints, e.g., on predominant ionisation stages, ion abundances,
and equivalent widths for different sources and orbital phases. However, this is just the beginning of what will
be possible using the ASTRO-H SXS instrument. Pre-SXS limitations include that wind properties have not
yet been spatially resolved. This requires high time resolution line mapping, e.g., through eclipse egress/ingress
or of the photoionised accretion wake. The comparatively small effective area of grating spectrometers cannot
provide sufficient statistics for such a study, contrary to the SXS, (see below). Such intriguing studies as
resolving individual clumps will also become feasible for the first time.
Line spectra of exemplary accreting pulsars — Vela X-1: For a description of system properties see §2.2.
Figure 3 shows the SXS view of lines from many highly ionised ions as well as their strong variability over the
∼9 d orbit. The X-ray continuum spectrum is highly absorbed, especially near phase 0.5 (accretion wake) but
the lines still have high equivalent widths, i.e., they are not fully absorbed by this material. SXS observations
during the line-rich (near-)eclipse as well as around phase 0.5 can be expected to maximize the scientific return.
Figure 4 (egress) and the inset in Figure 3 (wake) show that SXS observations will allow us to determine the
evolution of line parameters with unprecedented time resolution of 1-5 ks over a broad energy range. — Cen
X-3: This system consists of a NS spinning at a period of ∼4.8 s in an ∼2.1 d orbit with a O-type supergiant
star(see, e.g., references in Suchy et al., 2008). All the phenomena described above – from eclipse to eclipse
– could thus potentially be covered by one SXS observation. Near-neutral, He-like, and H-like iron lines have
been observed by Chandra and Suzaku (Iaria et al., 2005; Naik et al., 2011). Outside of eclipse the X-ray
10
Mg Lyα
Ne Lyα
Si Lyα
0.250.20.150.10.050
2.5×10-4
2×10-4
1.5×10-4
1×10-4
0.5×10-4
0
Orbital Phase
L
in
e
F
lu
x
[p
h
/
s/
c
m
2
]
Figure 4: Simulated evolution of the line flux with orbital phase during egress for three prominent lines of Vela X-1. A 5 ks gliding
window was applied to 1 ks simulations. The simulated line flux was linearly interpolated between Chandra observations at phase 0
and 0.25. The simulated absorbed continuum has been subtracted (NH was assumed to be modulated with phase according to spherical
wind model). The wavy structures are a numerical artifact. Courtesy N. Hell (FAU & LLNL).
spectrum is dominated by sometimes highly variable continuum emission, exhibiting very weak absorption
lines mostly from H-like ions (Sako et al., 2002). During eclipse, however, the spectrum is dominated by line
emission (Wojdowski et al., 2003). — GX 301−2: For a description of system properties see §2.2. That section
also presents an SXS simulation of the continuum and line spectrum expected during the bright pre-periastron
flare that is a regular feature of the 41.5 d orbital flux variation, see Figure 8. GX 301−2 is characterised by
several (near-neutral) fluorescent emission lines, a Compton shoulder of the iron line, and a highly absorbed
ionising continuum (Fu¨rst et al., 2011; Watanabe et al., 2003). — CRSF: Note that all three of these accreting
pulsars are also known cyclotron line (CRSF) sources. Observing their broad band spectra with ASTRO-H
would thus also allow us to address the scientific objectives described in §2.2.
Figure 5: SXS and HXI simulation of a 2 ks observation of Cyg X-3.
A unique wind accreter — Cyg X-3: Located at a distance of 8–10 kpc in the plane of the Galaxy, Cyg X-3
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is composed of a compact object in a 4.8 hours orbit with a Wolf-Rayet star. The emission from the system is
detected from radio up to GeV energy band. The soft X-rays are thought to arise from the accretion disc, the
hard X-rays from the corona, and the radio from the jet (Szostek et al., 2008). This makes interpretation of
the data complex and one needs to use timing information along with the spectral one to be able to reconstruct
the data in a unique way (Koljonen et al., 2013). Cyg X-3 harbours a large number of emission lines that
are especially prominent in the high resolution energy spectra (Paerels et al., 2000). However, due to the
low sensitivities of the RXTE PCA below 3.5 keV, Koljonen et al. (2013) were able to use only the iron line
complex in their analysis. Despite this fact they still have seen dips in the variance spectrum in the energy bins
1.8–1.9 and 2.3-2.4 keV. The dips correspond roughly to the location of some of the strongest emission lines
in the X-ray spectra (H-like Si at ∼2.0 keV and H-like S at ∼2.5 keV) and could be interpreted as a reduction
in variability indicating line production further out from the compact object in the photoionised stellar wind.
However, the dips could also be due to the low flux and wide energy bins. Paerels et al. (2000) showed that the
iron line complex consists of He-like and H–like iron ions (XXV/XXVI) at 6.7 keV and 6.9 keV, respectively,
and cold iron Kα at 6.4 keV. However, these lines blend into a single broad feature in the PCA, which makes it
difficult to disentangle the two possible emission regions.
Thus a similar exercise done with ASTRO-H data will provide a unique chance to study the spectral-timing
variability of the source along the orbit using the whole wealth of information coming from spectral lines and
using the simultaneous time series for a very broad energy range, which will make it possible to disentangle
these different components and see all of them in play simultaneously. The sensitivity of the SXS instrument
allows us to get detailed spectra already with a 2 ks exposure (see Figure 5), and thus with a 20 ks observation
ASTRO-H would be able to trace the spectral variability of the source along the whole orbit.
2.1.2 Searching for Signatures of the Alfven Shell
Fluorescent lines of low ionized iron ions have been observed from some of accretion powered X-ray pulsars.
Although its emission region is not well understood, its candidate is an Alfven shell or an inner part of their
accretion disk. In these regions, magnetic field and the matter are fiercely competing with each other and
information of their dynamical motion of the gas provide us new insights of the environment of accreting
neutron stars. The information of the dynamics around the Alfven shell is relating to the strength of the magnetic
moment and mass of the neutron stars.
GX 1+4 is not a High Mass X-ray Binary, but is considered to contain a highly magnetized neutron star with
∼1013 G (Makishima et al., 1988). Its prominent Kα line has an equivalent width of ∼200 eV. Its central energy
and the 7.1 keV absorption edge indicate the iron ions are almost neutral and suggest its fluorescent origin.
Although Suzaku XIS data did not show the energy modulation of the line central energy (<10 eV), it shows
a line broadening with roughly 40∼50 eV in standard deviation. These results, the broadening and the small
energy modulation, indicate that the line emission region is in a widely extended region of the accretion flow
or of the Alfven shell. However, current CCDs, including XIS, have ambiguity of the energy response function
for bright point sources due to the SCF-effect (Todoroki et al., 2012). Therefore, SXS, for the first time, makes
it possible to study detailed spectroscopy of spin-phase sliced spectra.
The expected Kepler velocity around the Alfven shell is ∼1000 km s−1. Thus the energy shift by this velocity
is ∼200 eV. If the emission lines uniformly come from the Alfven shell, the line width is expected to be
∼ 200√
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∼ 60 eV in standard deviation. By the observation with the SXS, we can expect the detection of a
significant broadening and probably a modulation of the width as well as the central energy.
Assuming a 40 ksec observation and analysis of 10 phase sliced spectra, we simulated a 4 ksec observation
using best fit parameters obtained by Suzaku. An expected spectrum is shown in Figure 6, We assumed a power
law continuum with a photon index of 2.9 suffered photo-electric absorption of 4×1023 H atoms cm−2, and
neutral iron fluorescent lines: Kα1, Kα2, and Kβ (this line contains several lines but here we represented them
by one Gaussian). The intensity-ratio of the three lines is fixed to be 100:50:17 and the line width is fixed to
be 10 eV (standard deviation). One sigma error of the line central energy is estimated to be ∼ 0.1 eV, which
corresponds to 4.7 km sec−1. The line width can be also determined with an error of ∼ 0.2 eV, which is again
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Figure 6: Simulation of the SXS spectrum of GX 1+4. The exposure time is assumed to be 4 ks and the model is an absorbed power law
plus three Gaussian lines (Kα1, Kα2 and Kβ). The line widths are all assumed to be 10 eV (standard deviation of a Gaussian function).
much less than the expected width. Therefore we can precisely determine an average velocity and velocity
dispersion of gas which emits fluorescent lines with only a 1 day observation.
If we can estimate the Kepler velocity at the Alfven radius from the observed modulation of the central
energy, by assuming some accretion flow geometry, we can discuss the relation among mass, magnetic moment
of the neutron star and accretion rate. Since the accretion rate can be estimated from the bolometric luminosity,
the relation between the mass and the magnetic moment of the neutron star can be deduced.
2.2 Cyclotron Line Sources
2.2.1 Background and Previous Studies
About 25 X-ray binaries show broad absorption-line-like features in their hard X-ray spectrum due to the
interaction of the emerging photons with the electrons trapped along the 1012 G magnetic field. The energy
of these features is the only direct measurement of a magnetic field in the X-ray emitting region (E ' 11.6 ×
n × B12 keV, where n is the harmonic number and B12 is the magnetic field in units of 1012 G). The underlying
continuum emission is produced by Comptonization of the radiation produced in the optically thick part of the
accretion flow or at its footprint on the NS surface and has a smooth power-law shape exponentially attenuated
at high energy. Although its phenomenological description is fairly simple, the detailed physics are still a matter
of debate (Becker et al., 2012, and references therein), as well as the strong variability at all time scales, which
is thought to be due to the clumpy nature of the plasma, when it flows within the magnetosphere. Reproducing
on theoretical grounds the observables is still a challenge which would yield informations on basic properties
of the neutron star such as the magnetic field configuration and its interaction with the accreted matter.
Timing signatures are of paramount importance to understanding these objects. In particular the “pulse
profile”, which is the X-ray emission of the XRBPs folded at the spin period of the NS. Pulse profiles are
remarkably stable when averaged over several rotational cycles, reflecting the trapping of plasma along the
magnetic field lines. Significant variations in the shape of profiles are observed when the XRBPs undergo
transitions between different X-ray luminosity states, such as reported in the cases of EXO 2030+275 and
V 0332+65, (Klochkov et al., 2008; Tsygankov et al., 2010, and references therein). At high luminosity, a
radiative shock forms in a relatively extended (a few km) accretion column, and the radiation is emitted mainly
from its lateral walls in the form of a “fan beam”. At lower luminosities, the radiative shock is suppressed,
matter reaches the base of the column with the free-fall velocity and X-rays are emitted nearly vertically in a
“pencil beam”. In this state, the height of the column can be significantly reduced, and for very weak sources,
13
it reduces to a hot-spot on the NS surface. Correspondingly, variations of the centroid energy of the cyclotron
scattering features with the luminosity have been observed and tentatively been interpreted as variations of the
accretion column height (Staubert et al., 2009; Klochkov et al., 2011, 2012). This picture still needs to be
confirmed by further observations.
The majority of XRBPs show significant changes in the spectral energy distribution of the X-ray emission at
different pulse phases. This is due to a variety of factors that change during the rotation of the star. In particular,
the cross section of the scattering between photons and electrons trapped in a magnetic field strongly depends
on the angle between the photon trajectory and the magnetic field lines.
The interplay between the extraordinary and ordinary polarisation modes of photons propagating in a strongly
magnetised plasma is expected to produce phase variable linear polarisation at a level as high as 80% in corre-
spondence to the cyclotron scattering features and for particular pulse phases (the polarisation fraction is lower
for energies out of resonance, MesMeszaros et al., 1988). Different imprints are expected to appear in the spin-
phase resolved emission for different emission patterns: an anti-correlation between polarisation fraction and
X-ray intensity in the case of pencil beam, and anti-correlation in case of a fan beam. The linear polarisation
fraction can be lowered of ∼30% by relativistic light bending, which causes emission from both magnetic poles
to be simultaneously visible. The theoretical predictions are highly uncertain as they depend on the unknown
system geometry and emission beaming.
Advances in our understanding of these objects have come from BeppoSAX (Boella et al., 1997) and RXTE
(Bradt et al., 1993) observations, which have however a limited spectral resolution, while the superb perfor-
mance of Suzaku (Mitsuda et al., 2007) is hampered by the spectral gap between the soft and the hard X-rays.
NuSTAR (Harrison et al., 2013) has provided a quantum leap in the 5–60 keV energy domain spectral analysis,
which is comparable to the possible achievements of the HXI.
2.2.2 Prospects & Strategy
ASTRO-H provides a wide spectral coverage, coupled with excellent timing capabilities (the latter for SXS,
HXI, and SGD) and unprecedented spectral resolution in the broad energy range relevant for the physics of
HMXB (0.1–100 keV). The significant overlap in the bands of the instruments provides a very robust inter
calibration tool, which helps in reducing the systematic uncertainties. It is, therefore, an ideal laboratory for
studies of objects emitting over a wide energy range combining the excellence of previous missions. The
limited effective area with respect to past (e.g., RXTE) and current (e.g, XMM-Newton) instruments is not an
issue for bright X-ray binaries.
Polarisation has not been measurable in X-rays below a few hundreds keV so far. The Soft Gamma-ray De-
tector (SGD) on board ASTRO-H can perform this measurement using the Compton kinematics above ∼50 keV.
This will open an unprecedented observational window, which will provide stringent constraints on the theoret-
ical models when combined with the pulse-phase and luminosity dependent spectral variations of the cyclotron
line energy and underlying continuum. This will potentialy trim down the enormous parameter space which is
currently left almost unconstrained in the theoretical interpretation. In particular, the geometrical configuration
of the magnetic field and thus of the emitting regions on the NS is largely unknown as well as the shape of
the accretion stream close to the NS surface: matter could fall in a filled or hollow column, or in portions of
it (Basko & Sunyaev, 1976). Theoretical models are already challenged by observation, which in turn are still
not sufficient to find a solution due to limited spectral resolution or band pass limitations.
The broad band data with high spectral and timing resolution provided by ASTRO-H will provide an unprece-
dented robust benchmark for theory. Many of the sources that display cyclotron lines or are strong candidates
are transient, e.g., 4U 0115+63, V 0332+53, GRO J1008−57, GX 304−1, EXO 2030+375, or A 0535+26. In
the case that one of them shows a giant outburst it will be an excellent target for ASTRO-H, providing the
best chance of observing polarisation, see §2.2.4. Bright persistent sources that will allow for detailed time-,
luminosity-, and pulse-phase-resolved studies of the cyclotron lines and the X-ray continuum, are, e.g., Vela X-
1, GX 301−2, Cen X-3, Her X-1, or 4U 1626−67. In the following we present simulations of ASTRO-H
observations for the persistent cyclotron line sources Vela X-1 and GX 301−2. Vela X-1 is characterised by
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Figure 7: Simulated SXS and HXI spectrum for a 100 ks exposure of Vela X-1 using the continuum model and two CRSFs at ∼25 keV
and ∼55 keV from Maitra & Paul (2013). Middle panel: Residuals using Lorentzian cyclotron line profiles, as for the simulation.
Bottom panel: Residuals from a model with Gaussian optical depths lines, structure is present around the CRSF fundamental at
∼25 keV.
significant orbital-phase-dependent variability (§2.1.1) as well the irregular occurrence of strong flares and off-
states (Fu¨rst et al., 2010). GX 301−2 presents a marked pre-periastron flare and heavy intrinsic absorption in
the stellar wind, thought to be due to an accretion stream preceding the NS (Fu¨rst et al., 2011, and references
therein). Both sources also show pronounced emission lines due to neutral and ionised material (Figure 3 and
Figure 8).
2.2.3 Targets & Feasibility
Vela X-1 (4U 0900−40) is a an eclipsing and persistently active system consisting of a massive (23M; 34R)
B0.5 1b supergiant and a neutron star. It has an orbital period of 8.964 days and shows only slight eccentricity
(e ∼0.1). The neutron star is deeply embedded in the strong stellar wind of the companion; the typical X-
ray luminosity is ∼ 4 × 1036erg/s. It exhibits pulsations with a period 283 s. Cyclotron lines appear at ∼25
and 55 keV (La Barbera et al., 2003; Kreykenbohm et al., 2002). Maitra & Paul (2013) analysed a 100 ks
Suzaku observation and found an interesting dip-feature linked to enhanced absorption form a partial covering
component at a particular pulse phase. This will be better constrained by the SXS. A 100 ks simulation with
SXS and HXI shows that ASTRO-H will provide an improved determination of the energy and width of the
cyclotron scattering features in comparison to existing datasets (Figure 7; see §2.1.1 for a simulation including
the emission lines from the stellar wind). With such an observation it would be possible to discriminate between
different line profile models for the first time.
Relatively strong polarisation could be present in the SGD band due to the harmonic cyclotron scattering
feature at ∼ 50 keV. In Vela X-1 the first harmonic is unusually strong. We have verified that in 50 ks, it would
be possible to detect a polarisation fraction of 35%.
GX 301−2 consists of an accreting NS with a period of ∼685 s fed by the surrounding stellar wind of
the B type emission line companion Wray 977. Doroshenko et al. (2010) determined an orbital period of
41.482±0.001 days. In the SXS band, GX 301−2 is characterised by several fluorescent emission lines, ris-
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Figure 8: a) Simulated SXS and HXI spectra for a 50 ks exposure on GX 301−2 based on the analyses by Fu¨rst et al. (2011) and
Suchy et al. (2012). Emission lines are indicated. b) Residuals from a best fit. c) The residuals from a model with the exclusion of the
cyclotron absorption feature at ∼30 keV. Courtesy M. Ku¨hnel (FAU) and N. Hell (FAU & LLNL).
ing above the highly absorbed ionising continuum (Fu¨rst et al., 2011). A Compton shoulder of the iron line
is visible both in the XMM-Newton CCD spectrum and in the high-resolution grating spectrum of Chandra
(Watanabe et al., 2003) and could be studied in detail by the SXS. The cyclotron absorption feature is located
at about 30 keV. We have simulated a 50 ks observation based on existing analyses (Figure 8 Fu¨rst et al., 2011;
Suchy et al., 2012) and verified that the emission lines are detected by the SXS with high significance, allowing
the observer to fully characterise the wind environment, while the HXI is able to constrain the shape of the
cyclotron absorption line with high accuracy.
2.2.4 Measuring Polarisation during a Giant Outburst
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Figure 9: Measurable polarisation fraction of the X-ray signal in the 50–100 keV energy band by the SGD in a 50 ks exposure time
(courtesy Sasano).
Giant outbursts of Be/X-ray binaries are thought to be due to an exceptional extension of the equatorial
disc of the donor star providing material to be accreted on the NS through a viscous accretion disc (see Reig,
16
2011, for a review). Outbursts are not predictable although a correlation is observed with the strength of
the H-α emission of the system. In 4U 0115+63, these episodes happen every few years and appear to be
linked to a semi-period perturbation of the equatorial disc of the Be donor (Negueruela et al., 2001). Longer
periods of quiescence followed by repeated outbursts have been observed for A 0535+26, while EXO 2030+375
shows periodic outbursts at each periastron passage during which the source does not exceed ∼250 mCrab. The
spectacular source V 0332+53 has been observed in outburst only once with modern facilities. GRO J1008−57
has recently exhibited a giant outburst (Kuehnel et al., 2012). All these objects are potential targets for ASTRO-
H in case they go in outburst. Triggers can be provided by Swift /BAT, INTEGRAL, or MAXI and the X-ray
outbursts usually last for a few weeks.
Table 1: Estimated minimum detectable polarisation fraction in
the 50–100 keV energy range for bright Be/X-ray binaries.
Exposure (ks) A 0535+26 GX 304−1 EXO 2030+375
25 7% 23% 8%
50 5% 16% 5%
100 3% 15% 4%
Observations during these episodes would provide un-
precedented data sets to study X-ray binaries. We em-
phasise that the SGD can measure X-ray polarisation
above ∼50 keV where cyclotron lines appear in a hand-
ful of very bright transient sources, for which we have
simulated the feasibility of detection in different observ-
ing times (see Table 1). For the X-ray binary A 0535+26
(Ecyc ' 45 keV), at the maximum of its powerful out-
bursts (0.9 Crab above 50 keV) and in 25 ks of observation, it is possible to measure a polarisation fraction as
low as 7%. In Figure 9, we show how this measurement would be possible throughout the outburst, helping us
to contain the details of the emission mechanism at different luminosity levels. In systems as EXO 2030+375,
in which the detection of a scattering feature is controversial, (Wilson et al., 2008; Klochkov et al., 2007, and
references therein), it would be feasible to detect a polarisation fraction of 20% during the regular periastron
passages, while 8% would be reachable if the source undergoes a giant outburst. This would constitute a di-
rect prove of the magnetic field intensity even in absence and a clear spectral signature and would open a new
window to investigate why the scattering features are not an ubiquitous phenomenon in magnetised pulsars.
The polarisation angle is strongly dependent on the B-field orientation with respect to the line of sight and
averaging over a phase interval might lead to a lowering of the polarisation signal. We argue, based on a rough
comparison of theoretical computations (MesMeszaros et al., 1988), that it could be sufficient to divide the
pulse profile in less than ten phase bins to measure a polarisation fraction of a few 10% in most bins and it
would thus be sufficient to invest a reasonable amount of observing time (100-200 ks) on a bright X-ray binary
to achieve such a breakthrough result.
2.3 Super-giant Fast X-ray Transients (SFXTs)
2.3.1 Background and Previous Studies
Together with the classical supergiant and Be/X-ray binaries, the INTEGRAL satellite has provided evidence
for a third class of X-ray binary called the supergiant fast X-ray transients (SFXTs) (Smith et al., 2004; Sguera
et al., 2005; Negueruela & Smith, 2006). These objects have an OB supergiant donor star, but at odds with
the persistent systems, they show short hours-long periods of intense X-ray activity (flare, LX ∼ 1036−37 erg/s),
often grouped in day-long outbursts, and extended quiescent states (∼ 1032 erg/s), with swings up to 105 in
luminosity (see, Romano et al., 2014, for an extensive summary). An open debate exists on the nature of the
accreting object and the characteristics of the stellar wind from which matter is funnelled: clumpy winds are
thought to cause the very variable accretion rate (in’t Zand, 2005; Walter & Zurita Heras, 2007; Rampy et al.,
2009), but some gating mechanism is probably in action to produce the very low duty cycle of these objects
compared to the classical systems (Oskinova et al., 2007; Grebenev & Sunyaev, 2007; Bozzo et al., 2008). The
spectral characteristics of the objects and the detection of pulsation (from 20 to 1200 s, references in Romano
et al., 2014) in five out of twelve confirmed systems strongly indicate that the compact object is a neutron
star. It is therefore possible that the gating barrier is provided by an ultra-strong magnetic field (B  1012 G),
which causes matter to accumulate or be expelled at the magnetospheric boundary. Evidence of flares linked
to ingestion of clumps has been reported in XMM-Newton and Suzaku observations (Rampy et al., 2009;
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Bodaghee et al., 2011; Bozzo et al., 2011), while the typical flare rise time (∼ 10 min) is consistent with the
free-fall time from the Alfv´en radius associated to magnetic field B ∼ 1013 G.
2.3.2 ASTRO-H prospectives on SFXTs
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Figure 10: Top: Simulation of 100 ksec ASTRO-H observation of long period pulsar, 4U 0114+65, with a CRSF at 150 keV. Bottom:
Residuals of the simulation against a model with no CRSF. The residuals clearly deviate from the model at ∼ 150 keV and the CRSF
will be sufficiently detectable with the SGD.
ASTRO-H will provide unprecedented tools to study the very nature of these objects. The HXI can provide
good sensitivity to the presence of a cyclotron scattering absorption feature in the hard X-ray domain, with
a possible extension using the SGD at higher energy for very bright events. The SXS can provide a very
useful diagnostic on the presence of the emission Iron line, its ionisation status and the proper motion of the
clump impacting on the NS. The absorption can be constrained by the SXI and SXS, similarly to the Suzaku
achievements (Bodaghee et al., 2011; Rampy et al., 2009). Such objects, if confirmed, may be considered as
aged magnetars in binary systems, and will provide clues to the formation and evolution of magnetars (Enoto
et al., 2010), as well as to the origin of the NS magnetism (Makishima et al., 1999).
Other candidates to search for cyclotron scattering features are the long period pulsars (e.g., 4U 0114+65 and
4U 2206+54). Their spectrum extends to 100 keV without appreciable cut-off, unlike those of ordinary X-ray
pulsars which show a steep cutoff around 20–40 keV and a CRSF at a higher energy. We thus expect these LPPs
to exhibit CRSFs in energies above ∼ 100 keV (Makishima et al., 1999), where the SGD will for the first time
realize a sufficient sensitivity.
2.4 Gamma-ray Loud Binaries
2.4.1 Introduction
Gamma-ray-loud binary systems (GRLB) are X-ray binaries which emit very-high energy (VHE) γ-rays. Four
such systems PSR B1259–63, LS 5039, LSI +61◦ 303 and HESS J0632+057, have been firmly detected as
persistent or regularly variable TeV γ-ray emitters (Aharonian et al., 2005, 2006a; Albert et al., 2006; Aharonian
et al., 2006b).
Observations of the Fermi/LAT telescope helped to reveal several more binaries emitting at very high ener-
gies. Among these sources are well-known microquasar Cyg X-3, symbiotic binary V 407 Cygni, colliding
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wind binary η Carina, newly discovered binary system 1FGL J1018.6-5856, but still the number of known
GRLBs is very limited.
The source of the high-energy activity of GRLBs is uncertain. It can be either accretion onto or dissipation
of rotation energy of the compact object. It is commonly assumed that the γ-ray emission is produced in result
of interaction of the relativistic outflow from the compact object with the non-relativistic wind and radiation
field of a companion massive star. Neither the nature of the compact object nor the geometry and physical
properties of relativistic wind from this compact object are known in most of the GRLBs. The only exception
is PSR B1259–63 system in which the compact object is known to be a young rotation powered pulsar which
produces relativistic pulsar wind.
In Bednarek (2009) it was proposed that accreting magnetars in massive binaries can also generate TeV
gamma-rays. In the inner magnetosphere of a magnetar the magnetic pressure can balance the gravitational
pressure of the accreting matter, creating a very turbulent, magnetised transition region. This region provides
good conditions for acceleration of electrons to relativistic energies. These accelerated relativistic electrons
lose energy on the synchrotron process and the Inverse Compton scattering of the radiation from the nearby
massive stellar companion, producing high energy radiation from X-rays up to TeV γ-rays.
Recently Burst Alert Telescope (BAT) on board Swift has detected a short burst from the direction of the
TeV binary LSI +61◦ 303. The burst is visible in the 15 - 50 keV energy range, while no significant excess is
observed above 50 keV. The total duration of the event is about 0.3 s. Previously such short flares have been
also observed from the dirction of LSI +61◦ 303 by RXTE (Smith et al., 2009; Li et al., 2011). In the paper of
Torres et al. (2012) it was noticed that the properties of the burst observed by Swift/BAT (a very short duration
and a thermal spectrum) are typical of magnetars. In their work the authors propose that due to the highly
eccentric orbit the system is subject to flip-flop behaviour, from a rotationally powered regime in apastron to a
propeller regime in the periastron. In this case in apastron an interwind shock leads to the normally observed
LSI +61◦ 303 behaviour, while during the periastron propeller is expected to efficiently accelerate particles
only to sub-TeV energies, in agreement with the observations.
More observations are needed to find out the true nature of these very interesting systems. Below we dis-
cuss how ASTRO-H observations could help to solve some unresolved problems. We start with the case of
PSR B1259–63, the only system in which we are sure about the nature of the compact object, and which we
can use as a sample to test the other systems. Study of this system could provide a clue on the energy of the
relativistic particles of the pulsar wind and give us a chance to study interactions of the winds in the highly vari-
able environment. After that we dicuss in more details LSI +61◦ 303 and show the importance of measuring of
its spectral variability in a broad energy range ( 1 - 100 keV) along the orbit.
2.4.2 PSR B1259-63
In PSR B1259–63 a 48 ms radio pulsar is in a highly eccentric 3.4 year orbit with a Be star LS 2883. This system
is known to be highly variable on an orbital time scale in radio (Johnston et al. 2005 and references therein),
X-ray (Chernyakova et al. 2009 and references therein), and TeV (Aharonian et al., 2005) energy ranges. The
orbital multi-wavelength variability pattern is determined by the details of the interaction of relativistic pulsar
wind with a strongly anisotropic wind of the companion Be star, composed of a fast, rarefied polar wind and
a slow, dense equatorial decretion disk. The disk of the Be star in the PSR B1259–63 system is believed to be
tilted with respect to the orbital plane. The line of intersection of the disk plane and the orbital plane is oriented
at ∼ 90◦ with respect to the major axis of the binary orbit (Wang et al., 2004) and the pulsar passes through the
disk twice per orbit.
Despite the intensive observational campaigns during the last three periastron passages (2004, 2007 and 2010)
it was still not possible to conclude whether the observed X-ray emission has inverse Compton or synchrotron
origin (Chernyakova et al., 2009). The answer to this question is very important for our understanding of the
composition of the pulsar wind, as the Lorentz factor of the relativistic electrons varies from about 10 to 106 in
these two models. Study of the variability of the broad band (1 – 100 keV) spectrum of the source as the pulsar
interacts with the disk before and after the periastron could give the missing clues to answer this question.
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Suzaku observations of the 2007 periastron passage show a break of the source spectrum as the pulsar was
crossing the disk before the periastron (Uchiyama et al., 2009), see left panel of Figure 11. However presense
of the nearby X-ray pulsar IGR J13020-6359, located only 10 minutes from the PSR B1259–63 makes the
results of Suzaku/HXD very model dependent, and independent measurements in this energy range with the
imaging instrument would be a huge benefit. Right panel of Figure 11 show simulation of 10 ks observation of
PSR B1259–63with ASTRO-H. On this Figure we model the broken power law slope as observed with Suzaku.
On the left Figure we show that if one would try to fit such a spectrum with a single power law the high energy
data will clearly deviate from the model.
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Figure 11: left panel:Suzaku observations of the spectral break in PSR B1259–63. Figure is taken from Uchiyama et al. (2009). right
panel:Simulation of 10 ksec ASTRO-H /HXI observation of PSR B1259-63 as it crosses the disk with the parameters derived from the
Suzaku observation. Fit with a single power law leads to the clear deviation of the data from the model.
2.4.3 LSI +61 303
The Be star binary LSI +61◦ 303 is another GRLB system from which radio, X-ray and very high-energy
gamma-ray emission is observed. In LSI +61◦ 303 the high-energy particle outflow is directly observed in the
radio band, where angular resolution is sufficient to resolve the source and to detect variations of its morphology
on the orbital period time scale. The observed morphological changes indicate that the outflow has a variable
morphology outflow filling a region the size ∼ 102 − 103 times larger than the binary separation distance. The
radio signal could not be used to trace the outflow down to the production site inside the binary orbit, because
of the free-free absorption in the dense stellar wind environment (Zdziarski et al., 2010). To understand the
nature of the high-energy particles carrying outflow one has to use complementary high-energy data in X-ray
and/or γ-ray bands.
Two major types of models of radio-to-X-ray activity of LSI +61◦ 303 were proposed in the literature.
Models of the first type assume that activity of the source is powered by accretion onto the compact object.
Alternatively, the activity of the source could be explained by an interaction of a young rotation powered pulsar
with the wind from the companion Be star.
If the system is an accreting neutron star or black hole, one expects to find a cut-off powerlaw spectrum in
the hard X-ray band. The cut-off energy is normally at 10 − 60 keV for neutron stars and at ∼ 100 keV for
black holes. If the jet and accretion contributions to the X-ray spectrum are comparable, then emission from
the accretion disk should at least produce an observable spectral feature (e.g. a bump, a break or turnover) in
the 10-100 keV energy band.
Currently the hard spectrum of LSI +61◦ 303 was checked only with the INTEGRAL. Unfortunately the
source is rather weak for the INTEGRAL and the only possibility to measure the spectrum was to sum up
spectra collected through the years of observations. The resulted spectra didn’t show a break, but have indicated
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Figure 12: left:Broad band spectrum of LSI +61◦ 303. INTEGRAL observations reveal a presence of a possible feature at 50 keV.
Figure is taken from W. Hermsen and L. Kuiper presentation at the first Fermi Symposium. right:Simulation of 40 ks ASTRO-H
observation of LSI +61◦ 303.
a possible feature at around 50 keV, see left panel of Figure 12 presented by W. Hermsen and L. Kuiper at the
first Fermi Symposium. Current Suzaku observations of the source are unable to constrain the spectrum of
LSI +61◦ 303 above 50 keV. Clearly more sensitive observations are needed to clarify the nature of the source,
and ASTRO-H observations can help to solve the issue, see right panel of Figure 12. On this panel we simulate
a powerlaw spectrum with NH = 0.5 × 1022cm−2 , Γ = 1.5 and F2−10 = 1.2 × 10−11erg cm−2 s−1.
3 Probes into Magnetars and their Environment
3.1 What makes magnetars and how do they evolve? Probing their supernova progenitors,
energetics and evolution??????????????????????????????????????????
smoothed with a circular Gaussian function that has a sigma
of 3 pixels in both right ascension and declination. In the 4.0–
12.0 keV images, only significant emission from the pulsar is
seen, but not from the rest of the SNR.
Figure 1 shows a mosaic image in the energy band of 0.3–
4.0 keV in false color. The remnant’s X-ray emission fades off
to the west, lacking a clearly defined edge. In the interior, the
Lobe is brighter than any part of the shell and there are dark
regions north and south of the Lobe. The Lobe emission is well
separated from the pulsar. We estimate the distance of the shell
from the pulsar in the mosaic image by fitting a circle centered
on the pulsar to each sector and obtain 18A5 for the eastern
shell, 17A3 for the southern shell, and 16A6 for the northern
shell. Thus, the eastern shell has the largest projected distance
from the pulsar.
2.2. RGB Composite Imagge
As no emission from the remnant is found above 4 keV
except from the pulsar, we create images in the energy bands
below 4 keV in order to identify possible spectral variations
within the remnant. The images in the red (R ¼ 0:3 0:9 keV),
green (G ¼ 0:9 1:5 keV), and blue (B ¼ 1:5 4:0 keV) bands
are combined into an RGB mosaic image (Fig. 2). We then use
this image to guide our selection of regions to be examined more
closely through detailed spectral fitting. The selected regions
are shown in Figure 3.
The shell is slightly redder than the interior and has some red
clumps. There is a small sector of the shell with lower emission
in the northeast, coinciding with a bright region in the radio
continuum (Kothes et al. 2002). Next to this region, there are
red knots in the RGB composite image of the X-ray shell (re-
gions 5 and 6 in Fig. 3). Furthermore, there is a larger red spot
in the south (region 15). There are also color variations within
the Lobe, the outskirts being redder than the central part of the
Lobe.
In addition to the very bright pulsar, fainter point sources
are found in and around the remnant. Two point sources lo-
cated southeast of the remnant appear red in the RGB composite
Fig. 2.—Mosaic RGB image created from EPIC data of the pointings E, N, S, and P2 obtained in full frame and extended full frame mode: R ¼ 0:3 0:9 keV,
G ¼ 0:9 1:5 keV, B ¼ 1:5 4:0 keV. The image is smoothed (see x 2.1).
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Figure 13: Bright magnetar SNRs: (left) The young SNR Ke 73 obse ved w t Chandra with ASTRO-H’s SXS and SXI fields of
view overlaid. The central source is the AXP 1E 1841–045. (right) The v lved SNR CTB 109 with XMM-Newto (Sasaki et al., 2004)
with ASTRO-H’s SXS and SXI field of views. The central sourc is the AXP 1E 2259+586. The dim western half part of this SNR is
covered by a giant molecular cloud.
The different manifestations of neutron star classes (see §1 and Figure 1) can be potentially linked to the
different environments and progenitors of the supernova explosions creating these compact objects. While there
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is currently no general consensus on the progenitors of highly magnetized neutron stars (including the high-
magnetic field radio pulsars and magnetars), there is accumulating evidence, using multi-wavelength studies,
for them to originate from very massive progenitors, i.e. with mass &20 solar masses, and expanding into
a relatively low-density medium; see Safi-Harb & Kumar (2013) for a summary. X-ray spectroscopy of their
associated supernova remnants (SNRs) is particularly a powerful tool in inferring their progenitor mass through
the detection of the X-ray emitting ejecta and comparison to nucleosynthesis models (see the Young Supernova
Remnants White Paper (WP#7) for a more detailed discussion of this). If indeed magnetars originate from very
massive progenitors, as can be diagnosed with X-ray spectroscopic studies of their associated SNRs, then this
will lead to the much interesting implication that very massive stars do not necessarily form black holes.
To date, only a handful SNRs are associated with magnetars, while the majority of the ∼330 known Galactic
SNRs are associated with rotation-powered neutron stars or other subclasses or neutron stars (Safi-Harb, 2013;
Ferrand & Safi-Harb, 2012). While this sparse SNR-magnetar association by itself holds some clues on the na-
ture of these objects, studying the energetics and properties of their associated SNR emission further addresses
the magnetar nature of these sources. In particular, one popular model for magnetars is that they are formed
from proto-neutron stars with initial spin periods of only ∼0.6–3 ms. The combination of convection and fast
rotation helps build up the magnetic field to ultra-high values during the first tens of seconds following neutron
star birth (Duncan & Thompson, 1992, 1996). Such initial fast spin periods would imply larger-than-typical ini-
tial rotational energy of the neutron star, which in turn would lead a more energetic SNR. Past and current X-ray
spectroscopic studies, however, indicate that the SNRs associated with highly magnetized neutron stars appear
to have typical supernova kinetic energies in the 1050–1051 ergs (Vink & Kuiper, 2006; Vink, 2008; Safi-Harb
& Kumar, 2013), posing a challenge to the proto-neutron star model for magnetars. Furthermore, more recent
estimates for the explosion energies in two SNRs hosting an anomalous X-ray pulsar (Kes 73/AXP 1E 1841–
045) and a high magnetic field radio pulsar (G292.2–0.5/PSR J1119–6127) (Kumar et al., 2014, 2012) confirm
these “typical” explosion energies. These studies also propose very massive progenitors (&20 solar masses)
based on the X-ray spectroscopic studies of these SNRs with Chandra and XMM-Newton.
The past and current X-ray studies with Chandra, XMM-Newton, and Suzaku have been however severely
limited by poor statistics and the lack of spectral resolution and sensitivity needed for a more appropriate study
and modelling of the X-ray emitting supernova ejecta and surrounding medium. Such an analysis can be best
performed with the SXS on-board the ASTRO-H satellite. Together with its coverage in the hard X-ray band
thanks to the Hard X-ray Imager and the Soft Gamma-ray Dectector, ASTRO-H will provide a unique window
to study simultaneously the thermal plasma associated with the SNR, and the associated compact objects with
spectra characterized by both both a soft and a hard X-ray component and which occasionally emit outbursts
that should impact their “beambags”, i.e. their associated SNRs.
The SNR Kes 73 hosting the AXP 1E1841-045 represents an ideal magnetar-SNR for ASTRO-H given its
brightness, size, and previous detailed X-ray studies of both the SNR and AXP with CCD-type spectra. In Fig-
ure 14, we show the SXS field of view overlaid on the SNR, with the pointing aimed at covering the brightest
and bulk of X-ray emission from the SNR, while also covering the AXP. Figure 14 shows a 100 ks SXS sim-
ulated spectrum of the diffuse emission from the SNR emission fitted with a two-component non-equilibrium
ionization model based on the Chandra and XMM-Newton study (Kumar et al., 2014). The CCD spectrum
shows evidence for a soft, ejecta-dominated component, and a hot, low-ionization timescale component, at-
tributed to the shocked ISM or CSM blown by a massive progenitor. The simulated spectrum will provide
new constraints on the ejecta abundances, and thus on the mass of the progenitor star through a comparison to
nucleosynthesis model yields such as those of Woosley & Weaver (1995) and Nomoto et al. (2006). As well,
the Fe-K line complex will provide the first opportunity to diagnose the hot plasma conditions and confirm or
refute the stellar wind blown bubble scenario.
The right panel of Figure 14 shows the simulated broadband (SXS+HXI+SGD) spectrum of the central
AXP 1E 1841–045, illustrating the additional magnetar science that can be done with the same observation.
While the line emission from the SNR dominates in the SXS band, the AXP’s spectrum dominates in the hard
band (HXI+SGD). In particular, the spectrum will shed light on a) the magnetic field of the AXP through a
confirmation of the ∼30 keV cyclotron (emission or absorption) feature detected recently with NuSTAR (An
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Figure 14: Simulated spectra for the SNR Kes 73 and its associated AXP 1E1841–045 shown using a Chandra observation (Kumar
et al., 2014) with ASTRO-H’s SXS field of view overlaid. (Left) A 100 ksec SXS simulation of the SNR Kes 73 (with the AXP’s
spectrum excluded) obtained using simx, shown in comparison with the XMM-Newton MOS1 spectrum. The SXS spectrum should
allow us to resolve the line emission (particularly from the Mg, Si and S complex) and detect for the first time strong line emission from
Fe-K. This will be needed to constrain the abundances and thus the mass of the progenitor star. (Right) Shown next for comparison the
broadband SXS+HXI+SGD 100 ks simulated spectrum of the AXP 1E 1841–045 associated with the SNR Kes 73. In the SGD band,
we assumed three possibilities: no spectral break (red), a roll-over in the SGD band (orange), and a steep cutoff just above the HXI (or
NuSTAR) energy band. Studying both the SNR and the AXP with ASTRO-H will provide the first broadband view of this system. We
note that the AXP’s total flux is ∼10% that of the SNR’s flux in the SXS band. The AXP’s emission won’t affect the line diagnosis of
the SNR for abundance studies, but will dominate the continuum in the hard X-ray band.
et al., 2013), and b) the nature of the hard X-ray emission through pinning down the spectral cutoff with
the HXI+SGD combined spectrum. If the 30 keV feature is attributed to a cyclotron line, the magnetic field
is estimated to be 3×1012 G (electron cyclotron) and 5×1015 G (proton cyclotron). Furthermore, so far we
have not yet distinguished between the competing theoretical models for the origin of the magnetar’s hard X-
ray emission. For example, the e+/e-outflow model (Beloborodov, 2013) predicts the ν–Fν peak at∼7 MeV
(An et al., 2013) while the fall-back disk predicts it at ∼100–200 keV (Kylafis et al., 2014). This will be an
advantage over NuSTAR due to the sensitivity of ASTRO-H above 70 keV. This science will be further discussed
in Sections 3.2 and 3.3.
CTB 109 is another relatively bright, but more evolved, SNR associated with a magnetar, AXP 1E2259+586
(see Figure 13). The remnant appears as a half-shell due to an obscuring molecular cloud on the western side.
A most recent study with Chandra showed the presence of shock-heated ejecta with enhanced Si and Fe in and
around the lobe adjacent to the AXP. The lobe is believed to be created by the interaction of the SNR shock
wave and the supernova ejecta with a dense and inhomogeneous medium in the SNR environment (Sasaki et al.,
2013). In Figure 15, we show a simulated 100 ksec SXS spectrum based on a Suzaku observation, illustrating
the wealth of lines that will be resolved with SXS.
One of the puzzling questions about magnetar SNRs is the discrepancy between the SNR’s age (normally
estimated from the shell’s shock velocity) and the magnetar’s age (estimated from the characteristic age of the
pulsar, P/(2P˙)). This discrepancy is particularly pronounced for the SNR CTB 109 (Sedov-estimated age∼13–
17 kyr) and its AXP 1E 2259+586 (∼230 kyr), as recently confirmed with Chandra (Sasaki et al., 2013) &
Suzaku observations (Nakano et al., accepted). The answer to this puzzle lies in understanding how magnetic
fields evolve in magnetars and in acquiring accurate measurements of the associated SNR’s shock velocity.
Giant flares, short bursts, and bright persistent X-ray emission exceeding the spin-down power are thought
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Figure 15: (left) A 100 ks SXS simulated spectrum of the SNR CTB 109 using a two-component absorbed non-equilibrium ionization
model based on the Suzaku data. (right) SXS simulation of the Ne-IX lines based on the Suzaku spectra. Red- and blue-shifted lines
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Figure 16: Magnetic field of magnetars and other (rotation-powered) pulsars calculated from the pulsar’s period and its derivative
(Nakano et al., submitted).
to originate from the magnetic energy dissipation. However, how the magnetic field of magnetars evolves with
time, as the magnetar ages, is still being debated. The magnetic field measured from P and P˙ is known to
decrease with the characteristic age, P/(2P˙), as illustrated in Figure 16.
While large characteristic ages can be potentially explained if one accounts for the magnetic field decay
in magnetars (Colpi et al., 2000), the age measurement of associated SNRs provides an independent way of
understanding the magnetic field evolution. This can be done through an accurate measurement of the shock
velocity, which will be also useful for probing the supernova explosion energy shedding light on the origin
of magnetars. For example, in the Sedov phase of SNR evolution, the explosion energy and age are given by
E ∝ R3υ2 and τsnr = 5R/2υ, respectively. For the SNR CTB 109, the large molecular cloud on the western
side is blocking half of the shell on the far-side while the shell is fully visible on the eastern side. As a result,
depending on the pointing direction, SXS is expected to measure blue- and red- shifted lines originating from
expanding shells towards and away from us. The 100 ks SXS simulation in Figure 15 assumes a velocity of
500 km s−1, inferred from the Chandra observation of CTB 109 (Sasaki et al., 2013). The Doppler shift of
the Ne-IX K lines can be detectable, and simultaneous usage of multiple lines in the soft band increases the
accuracy of the measurements. For the compact object, we will be able to address its magnetic field strength
and probe its hard X-ray emission, as detailed in Sections 3.2 and 3.3.
In summary, the young and more evolved SNRs Kes 73 and CTB 109, respectively hosting the magnetars
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1E 1841–045 and 1E 2259+586 at their centers, cover all the fundamental questions presented in this white
paper (see the next sections for the compact objects’ science). The same method can be also applied to the
other handful magnetar SNRs. This science is also relevant to WP#7.
3.2 Can we find direct evidence of the strong field?
Figure 17: Simulated possible proton CRSF at Ecyc =8.1 keV of ASTRO-H /SXS (left) and of Suzaku/XIS (right). Both Monte Carlo
simulations employ the same model, assuming a 100 ksec exposure and a Gaussian feature on the continuum observed in 4U 0142+61,
with a line width σline=40 eV and an equivalent width of 60 eV.
In the strong magnetic field (B>BQED) of magnetars, the electron cyclotron resonance scattering feature
(CRSF) falls above the MeV range, while the proton CRSF (Eq. 1) falls right in the soft X-ray band. The dipole
magnetic fields derived from P and P˙ reflects only from the poloidal component; this CRSF can provide a direct
determination of the total surface B-field. Early theoretical predictions suggested that the proton CRSF exhibits
an equivalent width up to many hundred eV and a relatively wider absorption width of 4E/Epc ∼ 0.05 − 0.2
(Ho & Lai, 2001; Zane et al., 2001). Contrary to expectations for the detection of proton cyclotron lines as a
direct measurement of the strong B-field, there are quite a few observational reports of the proton CRSF so far
from the quiescent magnetar spectra: ∼5, 10 keV from 1E 2259+586 (Iwasawa et al., 1992), ∼8.1 keV from
1RXS J1708-4009 (Rea et al., 2004), and more recently an absorption feature from SGR 0418+5729 (Tiengo
et al., 2013) and a 25–35 keV (absorption or emission) weak feature from 1E 1841-045 in the SNR Kes 73
(An et al., 2013). Some of those have not yet been confirmed by following observations (Rea et al., 2007;
Malygin & Iakubovskyi, 2011). In the absence of a significant CRSF in most of the quiescent X-ray spectra of
magnetars, it was pointed out that vacuum polarization effectively suppresses the strength of the proton CRSF,
making the equivalent width nearly an order of magnitude lower than previously thought (Lai & Ho, 2002;
O¨zel, 2003). In addition, the gradient of the B-field and effective temperatures would suppress these features as
well. ASTRO-H’s SXS, combined with its broadband capability with HXI+SGD, will allow us to test for this
and confirm previously reported features.
More puzzling, some proton CRSF have been reported from bursts spectra, as shown in table 2; e.g., at 5.0,
11.2, and 17.5 keV of SGR 1806−20 with RXTE (Ibrahim et al., 2002, 2003). Even though the number of
detections in bursts is larger than that of the persistent emission, these detections are still quite rare compared
to numerous short bursts from magnetars. In summary, the current observations have not yet achieved a con-
sistent interpretation of the proton cyclotron features, requiring much deeper observations by high-resolution
instruments.
The Soft X-ray Spectrometer (SXS) on board ASTRO-H can provide a higher sensitivity search for the proton
CRSF even with a shallower and/or narrower width than the previous studies. Since the previous persistent
and burst observations have not yet provided a consistent picture of the proton CRSF (e.g., resonance energy,
absorption width, equivalent width, and spectral shapes), here we empirically assume the possible Gaussian
absorption feature, and simulate the sensitivity to detect the lines. Figure 17 shows Monte Carlo simulations
of the absorption feature at 8.1 keV from the anomalous X-ray pulsar 4U 0142+61. As shown in this plot,
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Table 2: Reported absorption-like features in magnetars, with reference to (Malygin & Iakubovskyi, 2011).
Object Epc (keV) Detector Note Ref.
SGR 1806-20 5.0, 7.5, 11.2, 17.5 RXTE/PCA in the harder part of a precursor (1) (2)
SGR 1900+14 6.4 RXTE/PCA during precursor to the main burst (3)
1RXS J1708-4009 8.1 BeppoSAX the longest observation (200 ks) during
rising phase
(4) (5) (6)
1E 1048.1-5937 14 RXTE/PCA emission, in a burst (7)
· · · 13 RXTE/PCA emission, at one part of a burst tail (8)
XTE J1810-197 12.6 RXTE/PCA emission in a burst tail (9)
4U 0142+61 4, 8, 14 RXTE/PCA emissions, in the most energetic among
a sequence of bursts
(10)
1E 2259+586 5, 10 Ginga/LAC during flux increase (11)
1E 1841–045 25–35 NuSTAR phase-resolved spectrum (12)
References: (1) Ibrahim et al. 2002, (2) Ibrahim et al. 2003, (3) Strohmayer & Ibrahim 2000, (4) Rea et al. 2003, (5) Rea et al. 2004,
(6) Oosterbroek et al. 2004, (7) Gavriil et al. 2002, (8) Gavriil et al. 2006, (9) Woods et al. 2005, (10) Gavriil et al. 2008b, (11) Iwasawa
et al. 1992, (12) An et al. 2013
compared to the XIS on board Suzaku, the high resolution of the SXS would allow the detection of weaker
features (small equivalent width). Figure 18 represents an example of detectability of the proton CRSF on
the equivalent width versus energy plane. Comparing to the previous XMM-Newton observations, the SXS
potentially search for features with a factor of 2–3 weaker equivalent width.
3.2.1 On the link between magnetars and the other classes of neutron stars through a direct measure-
ment of the magnetic field
As mentioned in Section 1, the growing diversity of neutron stars includes an intriguing class of compact objects
near the centres of core-collapse SNRs, referred to as CCOs (for Central Compact Objects). These objects are
typified by the CCO discovered with the first light Chandra observation of the O-rich supernova remnant (SNR)
Cas A. Originally, CCOs were thought to be “relatives” of magnetars primarily based on the resemblance
between their X-ray spectra in the 0.5–10 keV band, the relatively slow spin periods (in comparison to the
typical rotation-powered pulsars), and the lack of radio emission and pulsar wind nebulae surrounding them.
Recent dedicated timing observations of a few CCOs led to the suggestion that these are “anti-magnetars”,
i.e. with a magnetic field much smaller than a typical magnetar’s field, with inferred B∼1010–1011 Gauss; see
Gotthelf & Halpern (2009) for the discovery of a 112 ms period in the CCO residing in the SNR Puppis A.
The measured P˙ implies a surface dipole magnetic field B<9.8×1011 G, most recently refined to a value of
2.9×1011 Gauss (Gotthelf et al., 2013). Evidence is accumulating for other low-B CCOs being anti-magnetars:
1E 1207.4–5209 in PKS 1209–51/52 and CXOU J185238.6+004020 in the SNR Kes 79. In addition to timing
measurements, X-ray spectroscopic studies of the CCO in Cas A also supports the low-B scenario (Ho &
Heinke, 2009). This study further indicates that the neutron star in Cas A is covered with a non-magnetized
atmosphere of Carbon, the product of nuclear burning of H and He. Other, more exotic (quark star), models
have been however proposed (Ouyed et al., 2014), in light of the recent NuSTAR study of the Cas A SNR
(Grefenstette et al., 2014).
As for magnetars, a direct measurement of the CCOs magnetic field comes from cyclotron resonance lines,
and such low B (∼1010–1011 Gauss) are expected to show cyclotron features in the soft X-ray band, making
the SXS an ideal instrument to study these features. Indeed cyclotron features have been discovered in a
handful CCOs, including Puppis A’s CCO, RXJ 0822.0–4300, whose spectrum displays a phase dependent
emission feature at 0.7–0.8 keV. This feature has been modelled either as an emission line of energy ∼0.75
keV (hereafter emission) or as a cyclotron absorption feature plus a harmonic with an energy of E0∼0.46
keV, hereafter cyclotron (Gotthelf et al., 2013). It wasn’t possible to distinguish between these models using
Chandra and XMM-Newton data. In Figure 19, we illustrate the capability of the SXS in differentiating between
the emission model and the cyclotron model using a 100 ksec exposure. This particular CCO was selected
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Figure 18: Detectable absorption features from the AXP 4U 0142+61. Feasibility to detect them (>3σ detection region) in an ASTRO-
H SXS 100 ksec observation are evaluated through the F-test probability with and without absorption features onto the X-ray continuum
of 4U 0142+61. Gaussian absorption features are assumed at its width σline=40 eV. The previously measured energy-dependent 3σ
upper limits are also shown as arrows referring to the 46 ksec XMM-Newton observation in 2004 (Rea et al., 2007), where assuming its
possible absorption width at σline=100 eV. The star mark corresponds to Figure 17 .
based on its location near the centre of a large and not so bright SNR (in comparison for example to Cas A’s
CCO which will be difficult to resolve from the surrounding bright thermal emission from Cas A). We note
however that this simulation does not take into account the presence of the SNR thermal plasma. This is meant
as an illustrative example to show SXS’s capability to differentiate the different models proposed from fitting
CCD-type spectra. Other more “isolated” targets (including other classes of neutron stars shown on Figure 1)
with possible links to magnetars would be less contaminated by the X-ray emission from the SNR plasma.
In summary, SXS will open a new window to probe and understand the spectral features in an emerging
and new class of (soft) X-ray emitting neutron stars, and confirm whether they are indeed anti-magnetars or
descendants of magnetars.
3.3 Unified understanding of the magnetar X-ray spectrum?
The Hard X-ray component (HXC) was discovered from some magnetars above 10 keV by INTEGRAL and
RXTE (Kuiper et al., 2006), and further confirmed by Suzaku. The HXC is distinguished from the well known
soft X-ray component (SXC) since the HXC is represented by a power-law (PL) with an extremely hard Γh ∼ 1,
and extending >100 keV. The CGRO/COMPTEL and Fermi/LAT upper-limits (Abdo et al., 2010) suggest that
the HXC must have a spectral break under ∼ 750 keV which has not yet been clearly detected. The break energy
is an important hint to constrain the emission mechanism of the HXC; e.g., thermal bremsstrahlung, synchrotron
radiation and resonant Compton up-scattering (Thompson & Beloborodov, 2005; Baring & Harding, 2007).
This is a unique science goal for the HXI and SGD.
In the Suzaku era, the simultaneous spectroscopy of the SXC and HXC revealed a possible broadband spec-
trum evolution; the hardness ratio, defined as Fh/Fs, is positively (or negatively) correlated with their magnetic
field (or pulsar characteristic age). The Γh of the HXC is anti-correlated with the characteristic age. Although
the interpretation of these correlations has not yet been established, one possible explanation is a down-cascade
of the sub-MeV photons through photon splittings. Sub-MeV photons can be generated via electron-positron
annihilation or resonant Compton up-scattering near the stellar surface, and are repeatedly splitting into hard
X-rays in the QED field. In addition, Nakagawa et al. (2011) suggested a similarity of the hard X-ray spec-
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Figure 19: A 100 ksec SXS simulated spectrum of a CCO using a two-blackbody model plus an emission line, fitted with a two-
blackbody model plus two cyclotron lines. The residuals illustrate the difference between proposed models that can be addressed with
the SXS. We acknowledge the contribution of Adam Rogers (U. Manitoba) for this figure.
trum between the persistent emission and an accumulated weaker short bursts from the activated magnetar,
SGR 0501+4516 (§3.4).
Furthermore, the broad-band coverage both of SXC and HXC can potentially provide a clue for the hidden
toroidal magnetic field inside magnetars. In the recent Suzaku observation Makishima et al. (2014), an evidence
for a free precession was detected from a prototypical magnetar 4U 0142+61. In the 15–40 keV hard X-rays, its
8.69 sec pulsations suffered slow phase modulations by 0.7 sec, with a period of ∼15 h. When this is interpreted
as free precession of the magnetar, the object is inferred to deviate from spherical symmetry by ∼ 1.6 × 10−4
in its moments of inertia. This deformation, suggests a strong toroidal magnetic field, ∼ 1016 G in the stellar
interior when ascribed to magnetic pressure.
As a first demonstration of the power of the ASTRO-H observation, we compared the νFν Suzaku and
ASTRO-H spectra of a bright anomalous X-ray pulsar 4U 0142+61 in Figure 20. Although the HXC was
detected by Suzaku (Enoto et al., 2011), its spectral information is still poor above 80 keV (see Figure 20 left).
On the other hand, as shown in Figure 20 right, ASTRO-H will detect the HXC up to 400 keV with 3 σ level,
when assuming 100 ksec exposure. In order to further estimate detectability of the cutoff, we compare the
models with and without an exponential cut-off, indicating that ASTRO-H achieves the detection of the cut-off
feature. Another bright magnetar, SGR 1806−20, was also simulated in Figure 22 (left). To obtain the same
statistical significance, the required 50 ksec observation by Suzaku is reduced only to 30 ksec by ASTRO-H.
Although the Suzaku/HXD and INTEGRAL has already detected the HXC up to ∼20 keV (Esposito et al.,
2007; Nakagawa et al., 2009; Enoto et al., 2010), ASTRO-H can extend it up to 100 keV, presumably providing
a precise measurement of the HXC and confirming the proposed correlation by Suzaku. In Section 3.1, we also
show the HXI+SGD simulation of the bright AXP 1E 1841–045, located in the SNR Kes 73, to illustrate the
ability of ASTRO-H to pin down the nature of its hard X-ray emission (e.g in the light of magnetar versus fossil
disk accretion models; see Figure 14, right).
ASTRO-H has the advantage over NuSTAR in that it will allow a simultaneous broadband coverage needed
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Figure 20: (Left) The 4U 0142+61 νFν spectrum obtained from the Suzaku 100 ksec observation (Enoto et al., 2011). (Right)
Simulated 100 ks ASTRO-H 4U 0142+61 observation using the parameters of the Suzaku result. The HXC is reproduced by a single
PL of Γh = 0.11 and the flux Fh of 29.7 × 10−12 erg s−1 cm−2 in the 1-60 keV. The exponential cutoff is further added at 150 keV
to satisfy the COMPTEL upper limit. Orange, dotted green, and red lines denote the best-fit model, SXC model and HXC model,
respectively. The 2 σ CGRO/COMPTEL upper-limits (Kuiper et al., 2006) are also plotted.
to study the SXC and HXC together (see also the potential for studying these sources with the Soft Gamma-ray
Detector on board ASTRO-H, §3.4)
Contrary to the above three examples, the HXC from a famous anomalous X-ray pulsar, 1E2259+586 located
in the SNR CTB 109 (see Section 3.1), has not yet been detected despite intensive observations with INTE-
GRAL, RXTE and Suzaku. (Kuiper et al., 2006; Enoto et al., 2011). If the correlation proposed by Suzaku
is true, 1E 2259+586 may emit the HXC at Fh = 3.9 × 10−12 erg s−1 cm−2 based on the confirmed SXC
Fs = 7.3 × 10−11 erg s−1 cm−2 with its characteristic age, 230 kyr. Here we employed an absorbed blackbody
plus a power-law for the SXC and another hard power-law for the HXC. If there is no spectral break in the
HXC and its photon index is between -1 and 1, ASTRO-H /HXI will clearly detect the HXC at least up to 50
keV with ∼120 ks exposure time. On the other hand, without the spectral break, the HXC exceeded the the
upper limits from COMPTEL (together with Suzaku and INTEGRAL), as seen in 4U 0141+61. Figure 22
(right) shows νFν spectrum when adding an exponential cut-off feature at 150 keV, together with upper-limits
obtained from previous observations (Enoto et al., 2010; Kuiper et al., 2006). Even in this case, ASTRO-H
will detect the HXC with a certain significance level, if the photon index is roughly 0, which is consistent with
the correlation by Suzaku. Since 1E 2259+586 has the oldest characteristic age among magnetars observed
with Suzaku, revealing the HXC spectrum of the object means to test whether the relation is applicable for all
magnetars or not.
We finally evaluated detectability of the HXC from dim sources in 10-100 keV range. Figure 21 shows
required exposure time to detect the HXC with a 3σ significance. Five magnetars indicated in the figure were
observed with several X-ray observatories, but their weak HXC has not yet been reported so far. Assuming hard
X-ray fluxes calculated by the broadband spectral correlation suggested by Suzaku, ASTRO-H will catch the
HXC with a realistic exposure time (i.e., ∼100 ksec). It should be also noted that the imaging capability of the
HXI enables us to extract the hard X-ray spectrum from objects previously contaminated from nearby sources,
e.g., CXO J164710.2−455216. Such a systematic study by ASTRO-H will help us reach a unified hard X-ray
nature for this class.
3.4 How the burst activity is related with the nature of magnetars?
One of the prominent magnetar features are sporadic X-ray outbursts (flares) accompanied by short bursts which
both are thought to be directly related to the magnetic energy release. However, the persistent HXC and short
bursts during X-ray outbursts are poorly understood.
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Figure 21: The HXC detectability with the HXI and SGD. Required exposure for HXC 3σ detections is plotted as a function of the
10–100 keV flux Fh, assuming a single PL with Γh = 2 (green), 1 (red), and 0 (black) and 3% systematic uncertainty of the non X-ray
background. Dotted lines indicate assumed Fh of 5 magnetars assuming the correlation suggested by Suzaku (Enoto et al., 2010).
3.4.1 Unresolved spectral change during the X-ray outburst
The persistent SXC of magnetars sometimes increases during the outburst by one to two orders of magnitude
with unpredictable timing. Such a transient enhancement lasts typically for a few months, with gradual decay.
Figure 23a shows two recent sudden X-ray activations of the AXP 1E 1547.0-5408. As shown in Figure 23b,
it is often accompanied, in its early phase, by short burst activities. These burst-active states have been already
observed from some magnetars; XTE J1810−197 (Gotthelf et al., 2004), CXOU J164710.2−455216 (Israel
et al., 2007), SGR 0501+4516 (Enoto et al., 2009), and 1E 1547.0-5408 (Mereghetti et al., 2009). More recently,
there has been an increasing number of reports from magnetars with much weaker dipole fields (. 4.4×1013 G):
SGR 0418+5729 (Rea et al., 2010), SGR 1833-0832 (Go¨gˇu¨s¸ et al., 2010), Swift J1822.3-1606 (Rea et al., 2012),
and Swift J1834.9−0846 (Kargaltsev et al., 2012). Figure 24a presents recent examples of the SXC flux decay
of magnetars.
During the SXC outburst, an enhanced HXC above 10 keV has also been reported (Rea et al., 2009; Enoto
et al., 2010d,c; Kuiper et al., 2012). While the SXC has been monitored in detail by RXTE and Swift during
the decay phase, the HXC detections are still quite rare: only a few observations by INTEGRAL and Suzaku
from SGR 0501+4516 in 2008 and 1E 1547.0-5408 in 2009. Actual spectra recorded by Suzaku are shown
in Figure 24b and c, where the HXC was successfully detected with a flux of 2.7 × 10−11 erg s−1 cm−2 and
1.1 × 10−10 erg s−1 cm−2 in the 15–50 keV. However, they are just snapshots during the decay phase, and it is
not yet clear how the HXC evolves during the outburst state and how the HXC is physically related with the
SXC. Thus, the broadband spectral coverage for the SXC and HXC is expected to help resolve the emission
mechanism and the postulated dissipation process of the magnetic energy.
Previous Suzaku ToOs (Figure 24) of 1E 1547.0−5408 and SGR 0501+4516 were performed ∼4 and ∼7
days after the onset of outburst, respectively. The HXC quickly decays to ∼0.1 mCrab or less below the Suzaku
detection limit within a few weeks. To compare Suzaku and ASTRO-H, we simulated, in Figure 25, the HXC
monitoring of the X-ray outburst. While Suzaku HXD-PIN can not detect the HXC when ∼3 weeks have passed
after the onset of the outburst, ASTRO-H HXI still provides sufficient counts to detect the HXC within nearly
a few “years” after the onset. These provide us, for the first time, with a detailed measurement of the HXC
spectral evolution during the decay phase of magnetars.
So far, 2–3 magnetar outbursts have been detected per year. Recent accumulated discoveries of weak-field
magnetars further suggest that there is a large hidden population of this kind of sources. The above continuous
monitoring into the HXC provides us a way to investigate the connection between the quiescent and activated
magnetars, which is vital to understand the evolutionary path of the magnetar class. The prompt one or two
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Figure 22: (Left) Expected νFν form of SGR 1806−20 observed by ASTRO-H. An absorbed blackbody plus a PL model is employed as
a best-fit model based on the Suzaku observation. The orange, green dotted and red dotted curves are the total best fit model, SXC and
HXC, respectively. An absorbed blackbody plus a power-law model was employed. (Right) Same as left panel but for 1E 2259+586.
The upper-limits are shown from Suzaku (blue, Enoto et al., 2010), INTEGRAL (light blue, Kuiper et al., 2006) and CGRO (magenta).
[After compiling this white paper, the NuSTAR reported the hard X-rays (Vogel et al., 2014)]
ToO observations can provide us the physical conditions at an activated state, while the follow-up observations
at once or twice per year during subsequent two years can further give us the decay trend of the hard X-rays
(e.g., photon index, decay speed), e.g., Swift J1822.3-1606 (Rea et al., 2012), Swift J1834.90846 (Kargaltsev
et al., 2012), and 3XMM J185246.6+003317 (Zhou et al., 2014; Rea et al., 2014).
3.4.2 Magnetar signatures in the short bursts and giant flares
One characteristic form of magnetar X-ray radiation is sporadic emission of bursts with a typical duration from
∼0.1 second to a few hundred seconds. The burst mechanisms is thought to be related to the rearrangement of
the B-field due to reconnections or motions of the NS crust (e.g., star quake). These bursts are phenomeno-
logically classified into three types: “giant flares” (Lx > 1045 erg s−1, lasting about a few hundred seconds),
“intermediate flares” (Lx ∼ 1042 − 1043 erg s−1, lasting a few seconds), and frequently occurring “short bursts”
(Lx ∼ 1038 − 1041 erg s−1, ∼0.1-sec durations). These explosive events often show luminosities exceeding the
Eddington limit for a NS of 1.4M, LEdd ∼ 1.8 × 1038 erg s−1, presumably due to suppression of the electron
scattering cross sections in the strong B-field. These short bursts are thus attractive targets during the ToO
observations.
Polarization of bursts: High polarization degree is expected from magnetars due to the high B-field. We
simulated the polarization detectability of short bursts with SGD using a simulator provided by the SGD hard-
ware team. We assumed short bursts from SGR 1806−20 (NH = 6×1022cm−2, distance = 15 kpc) with spectral
parameters of two-blackbody model ((Nakagawa et al., 2007): R2HT/R
2
LT = 0.01, kTLT = 4 keV, kTHT = 11 keV
). Figure 27 shows the expected polarization in different intensities when burst events accumulated. The burst
rate of SGR 1806−20 in the active state was ∼2 bursts/day observed by HETE-2 (Nakagawa et al., 2007). In
this simulation, we can detect the polarization of bursts from SGR/AXP when we observe bright bursts in the
active state.
Proton CRSF: Proton CRSF is a potential interesting target of the short burst using the ASTRO-H SXS as
already discussed in §3.1.
Is the persistent emission composed of unresolved short bursts? The enhanced persistent and burst emis-
sions have been simultaneously observed in many activated magnetars. However, it is not yet clear how these
two emission forms are physically related to each other. One interesting possibility is that the persistent emis-
sion is composed of a large number of small bursts that are not individually detectable. Such a possibility has
been examined using a cumulative number-intensity distribution of short bursts. The observational information
has so far remained insufficient to evaluate this possibility, since the studied short bursts are so bright (with
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Figure 23: (a) A long-term SXC monitoring of AXP 1E 1547.0−5408 with Swift/XRT, with the absorbed 2-10 keV X-ray flux shown.
Two Suzaku observations are also shown in green stars (Enoto et al., 2010c). (b) Short burst forests from this source recorded by
Suzaku/HXD-WAM on January 22, 2009, indicated by a blue arrow in panel (a).
fluence > 10−7 ergs cm−2) and infrequent that their time-averaged flux is much lower than that of the persistent
emission. It is interesting to examine, from observations of activated magnetars, whether weaker short bursts
become similar in spectral shape to the persistent X-ray emission, as recently found in SGR 0501+4516 (Nak-
agawa et al., 2011). The high sensitivity of ASTRO-H can provide further studies connecting the persistent to
burst emissions.
Advantages of the SGD shield detector: So far there is no clear detection of MeV photons from magnetar
bursts except for during giant flares. MeV photons of magnetar bursts are an important key to investigate the
radiation mechanism and physics in the strong B-field because photon splitting effect may suppress the high
energy photons. In order to explore the MeV photons from short bursts, more photon statistics with fine time
resolution is essentially needed. The Suzaku Wide-band All-sky Monitor (WAM) has reported a hint of MeV
photons from one strong short burst from AXP 1E1547−5408 (Yasuda et al., in prep), but the lack of time
resolution prevented a detailed investigation. The Soft Gamma-ray Detector (SGD) onboard ASTRO-H is
surrounded by large Bi4Ge3O12 crystals to reduce the cosmic and gamma-ray backgrounds (Figure 26). This
active shield with a wide field-of-view is available as an all-sky monitor covering ∼200 keV to 5 MeV. The
most notable features are a large effective area (∼800 cm2 even at 1 MeV) roughly twice to the Suzaku WAM,
fine time resolution (16 ms), and fine spectral resolution (32 channel than 4 channel of the Suzaku WAM). The
Suzaku WAM has to disable triggers until the onboard triggered data is transferred to the spacecraft memory
at the next SAA passage, while the SGD active shield can minimize this latency and the triggered data is
immediately transferred. These features become a powerful tool to study magnetar short burst especially with
large photon statistics and fine time resolution.
Figure 28 shows a simulated spectrum of the intense short burst from AXP 1E1547−5408, which has a
signature of MeV photons3. The SGD monitor can clearly detect up to 2 MeV, and distinguish different spectral
models, such as 2BB and BB+PL. Figure 27 shows the observable flux range of SGD shield detectors. We can
expect that bright short bursts and intermediate flares are good targets for SGD shield detectors.
3Due to readout deadtime and counter rollover effect, the data from the SGD shield detectors should be subject to some corrections
such as pile-up or carry over of observed counts. The estimated maximum brightness of bursts which free from such corrections is
about 100 Crab, and 1000 Crab would be also observable with some corrections. From spectral simulations, a possible detection limit
is found to be about 1 Crab.
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4 Appendix
4.1 Acronym
AXP
Anomalous X-ray Pulsar.
BAT
Burst Alart Telescope onboard Swift.
CCD
Charge Coupled Devise.
CCO
Central Compact Object.
CRSF
Cyclotron Resonance Scattering Feature.
CSM
Circumstellar Medium.
GRLB
Gamma-ray Loud Binary.
HMXB
High Mass X-ray Binary.
HXC
Hard X-ray Component of magnetar X-ray spectra (>10 keV).
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Figure 25: Simulations of the HXC monitoring toward an activated SGR 0501+4516 in 2008. The spectral shape is assumed to be the
same as that observed by Suzaku in 2008, and normalized to have the same decaying speed as the SXC. Blue and Red data points are
simulated X-ray fluxes in the 20–100 keV measured by Suzaku/HXD-PIN and ASTRO-H /HXI, respectively. Both exposures are set to
be 40 ksec (90% confidence level errors).
Figure 26: A schematic picture of Soft Gamma-ray Detector (SGD). The main detector of SGD is surrounded by large and thick 25
BGO crystals.
HXD
Hard X-ray Detector onboard Suzaku.
HXI
Hard X-ray Imager onboard ASTRO-H.
ISM
Interstellar Medium. .
LMXB
Low Mass X-ray Binary.
LPP
Long Period Pulsar.
NS
Neutron Star.
PCA
Proportional Counter Array onboard RXTE.
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Figure 27: Simulated polarization detectability from accumu-
lated short burst events by SGD. Spectrum from 1806-20 bursts
were assuming two black body model: RHTRLT
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Figure 28: Spectral simulation of one of the bright bursts of AXP
1E1547-5408 with the SGD shield detectors. Assumed spectral
model is blackbody plus power-law model as reported in Yasuda
et al. (in prep). Dashed-lines shows each spectral model compo-
nent and the solid line represents the total model.
QED
Quantum Electrodynamics.
RPP
Rotation Powered Pulsar.
RRAT
Rotating Radio Transient.
RXTE
Rossi X-ray Timing Explorer.
SCF-effect
Self Charge Filling effect.
SFXT
Supergiant Fast X-ray Transient.
SGD
Soft Gamma-ray Detector onboard ASTRO-H.
SGR
Soft Gamma Repeater.
SNR
Supernova Remnant.
SXC
Soft X-ray Component of magnetar X-ray spectra (<10 keV).
SXI
Soft X-ray Imager onboard ASTRO-H.
SXS
Soft X-ray Spectrometer onboard ASTRO-H.
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ToO
Target of Opportunity.
VHE γ-ray
Vert High Energy γ-ray.
WAM
Wide-band All-sky Monitor onboard Suzaku.
XDINS
X-ray Dim Isolated Neutron Star.
XIS
X-ray Imaging Spectrometer onboard Suzaku.
XRBP
X-ray Binary Pulsar.
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